A numerical model is developed to analyse the isolation of moving-load induced vibrations using pile rows embedded in a layered poroelastic half-space. Based on Biot's theory and the transmission and reflection matrices (TRM) method, the free wave field solution for a moving load applied on the surface of a layered poroelastic half-space and the fundamental solution for an harmonic circular patch load are determined. Using Muki and Sternberg's method, the second kind of frequency domain Fredholm integral equations for the dynamic interaction between pile rows and the layered poroelastic half-space are derived. The time domain solution is recovered via inverse Fourier transform in order to obtain the amplitude reduction ratio and thus assess the vibration isolation efficiency of pile rows. A special case of the present model shows good agreement with an existing solution. Numerical results of this study show that the speed of moving loads has an important influence on the isolation of vibrations by pile rows: the same pile rows can achieve better isolation efficiencies for higher speed loads than for lower speed loads. Pile rows embedded in a two-layered poroelastic half-space with a softer overlying layer usually generate better vibration isolation effects than those with a stiffer overlying layer. Finally, better isolation vibration may be realized by increasing the pile length and decreasing the net spacing between neighboring piles in a pile row.
Introduction
Modern high speed trains are known to induce large ground vibrations. In particular, when train speeds approach the Rayleigh wave velocity of the underlying soil, excessive vibrations occur in a cone-like domain following behind the train. Such 'micro-tremors' cause annoyance to local residents and may have adverse effects on nearby structures. This problem has particular importance where high-precision manufacturing facilities are located in the vicinity of a high speed railway. Many areas of southeast China are covered with saturated soils having low Rayleigh wave velocities; this is especially true of the Shanghai district where the soft clays typically have Rayleigh wave velocities as low as 180 km/h.
The measures used to mitigate vibrations induced by high speed trains generally can be categorized as active, passive or hybrid approaches. The active system involves some form of feedback capability between the isolation system and the vibration source and is thus usually installed in close proximity to the source. The passive isolation system, on the other hand, usually acts by simply screening a structure, often by means of a trench or pile system located at some distance from the source itself.
The design and performance of passive vibration isolation systems has previously been addressed via many numerical approaches. A frequency domain 3D Boundary Element Method (BEM) was employed by Kattis et al. (1999a,b) to study vibration isolation by a row of piles in an homogeneous elastic medium. To account for the influence of soil inhomogeneity on vibration isolation, Lysmer and Waas (1972) used the lumped mass method to assess the isolation efficiency of open and bentonite-slurry-filled trenches in a layered soil; Segol et al. (1978) later revisited the problem using a Finite Element Method (FEM) along with special nonreflecting boundaries. Leung et al. (1990 Leung et al. ( , 1991 investigated the passive vibration isolation effectiveness of open and filled trenches in inhomogeneous soils. May and Bolt (1982) employed FEM to examine the isolation efficiency of open trenches on the shear wave in a two-layered soil. Ju and Lin (2004) studied the isolation of moving-load induced vibrations using 3-D FEM to simulate soil vibrations due to highspeed trains moving over soft ground. Two vibration isolation schemes were investigated: soil strengthening and installation of a concrete slab between the rail and soil. Andersen and Nielsen (2005) source. Celebi and Schmid (2005) presented an efficient numerical technique for the solution of problems associated with wave propagation in the track-ground system using two different 3-D numerical methods. Karlström and Boström (2007) adopted a full 3-D analytical approach to address the vibration isolation effect of trenches on one or both sides of a railroad.
Whilst it is well known that in saturated soils the pore fluid plays a very important role in the onset of liquefaction and the shear failure, previous research on vibration isolation has treated the half-space as a homogenous or layered single-phase elastic medium. Furthermore, all research concerning the dynamic response of pile groups in a poroelastic half-space has to date been limited to the case of a simple harmonic load applied at the top of the pile(s).
Soil inhomogeneity can have a significant influence on the response of a single pile or pile row(s). Many methods have been developed to study the dynamic response of a layered half-space to external loads, such as the propagator matrix method (Harkrider, 1964; Haskell, 1964) and the exact stiffness matrix method (Senjuntichai and Rajapakse, 1995) . The transmission and reflection matrix (TRM) method established by Luco and Apsel (1983) and Apsel and Luco (1983) has a very significant advantage over the aforementioned methods in that the mismatched exponential terms are eliminated. As a result, the TRM method can be valid for high frequency and large layer thickness cases, which are difficult to address by the conventional propagator matrix method. Following the application of the TRM method to layered half-space problems by Pak and Guzina (2002) , Barros de and Luco (1994) , Chen (1996) and Lu and Hanyga (2005) derived a fundamental solution for a layered porous half-space subjected to a vertical point force or a fluid point source. The dynamic responses of a layered poroelastic halfspace due to a moving load was handled using the TRM method by Xu et al. (2008) .
Although the TRM method for elastic and poroelastic media has existed for some time, it has not been applied to the problem of pile row(s) embedded in a layered poroelastic half-space. Thus, the main contribution of this study is to employ the TRM method to develop a numerical model to evaluate the vibration isolation efficiency of pile row(s) embedded in a layered poroelastic halfspace. The vibration source is characterised as a moving load with a fixed vibration frequency. The free wave field frequency domain solution for a moving load is derived by means of the TRM method and Biot's theory (Biot, 1956 (Biot, , 1962 and the fundamental solution for a vertical circular patch load is also derived. Following Sternberg's (1969, 1970) , the frequency domain Fredholm integral equations for the dynamic interaction between pile rows and a layered half-space are then constructed. Frequency domain solution of the Fredholm integral equations for the coupled pilesoil system are converted to the time domain via the inverse Fourier transform, from which the vibration isolation efficiency of pile rows may be assessed. It is noted that the semi-analytical nature of the proposed method precludes the need to discretise the entire calculation domain, a necessity for FEM and BEM, and therefore offers considerable savings with respect to computational expense.
2. The free wave field solution for a moving load and the fundamental solution for a circular patch load
Biot's theory
Considering the soil as a half-space poroelastic medium described by Biot's theory (Biot, 1956 (Biot, , 1962 , the equations of motion for the bulk material are expressed in terms of the solid displacement ðu i Þ and the infiltration displacement ðw i Þ as follows (Biot, 1956 (Biot, , 1962 :
where k and l are Lamé constants of the solid skeleton; a, M are Biot's parameters for the compressibility of the poroelastic medium; q is the bulk density of the porous medium with q ¼ ð1 À /Þq s þ /q f (where q s is the density of the solid skeleton and q f is the density of the pore fluid); / is the porosity of the poroelastic medium; m ¼ a 1 q f =/ and a 1 is the tortuosity of the porous medium; b p ¼ g=k, g and k represent the viscosity of the pore fluid and the permeability of the porous medium, respectively; and a superimposed dot denotes the time derivative. According to Biot's theory (Biot, 1956 (Biot, , 1962 , constitutive relations for a homogeneous porous medium have the form
where r ij is the stress of the bulk material; e ij denotes the strain tensor of the solid skeleton; p f is the excess pore fluid pressure; and d ij is the Kronecker delta. In (3) and (4), the dilatation of the solid skeleton e and fluid volume increment # are defined as
2.2. The free wave field solution for a moving load
In the ensuing sections the free wave field solution for a layered half-space due to a moving surface load is required. The free wave field solution is herein defined as the solution for a moving load in the absence of pile row(s).
The model for the layered poroelastic half-space with N horizontal poroelastic layers overlying a homogeneous poroelastic half-space is illustrated in Fig. 1 by the symbol L j and the bottom layer is denoted by the symbol L Nþ1 . The thickness of the jth layer is h j ¼ z j À z jÀ1 and z jÀ1 ; z j denote the depth of the upper and lower boundary of the jth layer. In order to derive the general frequency domain solution for Biot's equations, the Fourier transform with respect to time and frequency is defined as (Sneddon, 1951) ,
f ðtÞ ¼ 1 2p
where f ðtÞ represents a time domain function, f ðxÞ is the Fourier transform of f(t); t and x denote time and frequency, respectively.
Considering a moving load applied on the surface of the halfspace, it is more convenient to cast the problem in the Cartesian coordinate system. In the frequency domain, the governing equations of Biot's theory can be reduced to three Helmholtz equations for the scalar potentials u f ; u s and the vector potential w, corresponding to the fast (P1) wave, slow (P2) wave, and the shear (S) wave in the porous medium, as follows (Lu and Jeng, 2007) :
where the vector potential w satisfy w i;i ¼ 0 and the complex wavenumbers k f ; k s ; k t are given by Lu and Jeng (2007) .
General solutions for the potentials can be derived through the Fourier transform with respect to two horizontal coordinates. In this paper, the Fourier transforms with respect to the two horizontal coordinates are defined as follows (Sneddon, 1951) :
f ðyÞe Àiky y dy; f ðyÞ ¼ 1 2p
where k x ; k y represent the wavenumbers corresponding to the xand y-coordinate, respectively. Once the potentials for the poroelastic half-space are determined, the displacement, the stress and the pore pressure in the frequency-wavenumber domain may be obtained from (Xu et al., 2008) 
where I is the 4 Â 4 identity matrix, T (12)- (14) are given in Xu et al. (2008) . Note that the down-going wave vector for the first layer can be determined by the free surface boundary condition.
It is assumed that the moving load with a constant speed c and an oscillating frequency x 0 is applied on the surface of the layered poroelastic half-space. The load moves in the negative y-direction and the distance between the load and the y-axis is d s (Fig. 1 ).
The surface of the half-space is assumed to be completely permeable. For a moving load applied over a rectangular area 2a Â 2b, the boundary condition in the time-space domain is r zx ðx; y; z; tÞj z¼0 ¼ 0 ð15aÞ r zy ðx; y; z; tÞj z¼0 ¼ 0
where q z is the intensity of the distributed load, HðÃÞ is the Heaviside step function, and y 0 is the y-coordinate of the distributed load center when t ¼ 0. Performing a triple Fourier transform on (15) with respect to time and the two horizontal coordinates, respectively, the following boundary conditions in the frequency-wavenumber domain are obtained: 
where dðÃÞ is the Dirac delta function.
For a moving point load with magnitude F z , boundary conditions for r zx ; r zy ; p f are the same as those for the moving rectangular distributed load, while the boundary condition for r zz is as follows:
Likewise, the boundary condition for r zz in the frequency wavenumber domain is given bỹ r zz ðk x ; k y ; 0; xÞ ¼ À2pF z e iðkxdsÀkyy 0 Þ dðx À x 0 À ck y Þ ð 18Þ
According to the boundary conditions, the down-going wave vector for the first layer is obtained as follows (Xu et al., 2008) :
in which the expression for S ð1Þ ue is given in Xu et al. (2008) . Using (12)- (14) and (19), the wave vectors for the jth layer can be determined. As noted above, after determining the wave vectors for an arbitrary layer, the displacement, the stress and the pore pressure can be determined by Eq. (11).
In view of (16) 
Performing an inverse Fourier transform with respect to the two horizontal wavenumbers and invoking the property of the delta function, the free wave field frequency domain solution for the moving distributed rectangular load has the form Xðx; y; z; xÞ ¼
For the moving point load, the frequency domain free wave field solution for all the variables is represented by Xðx; y; z; xÞ ¼ À
2.3. The fundamental solution for a fixed harmonic circular patch load
The fundamental solution for a fixed harmonic circular patch load in a layered poroelastic half-space is required in the derivation of the frequency domain integral equations for the pile rows. The problem of a fixed vertical patch harmonic load over a circular area applied in the layered poroelastic half-space is most conveniently considered in the cylindrical coordinate system ðr; h; zÞ.
The Helmholtz equations for the scalar potential in the cylindrical coordinate system are identical to (8a) and (8b) and the vector potential for the axisymmetric case can be reduced to a scalar potential g, which satisfies the following Helmholtz equation:
The displacement of the solid skeleton and the pore pressure can be expressed by the potentials as follows:
where A f and A s are two constants (Lu and Jeng, 2008) . In order to derive the general solution, the Hankel integral transform (Sneddon, 1951) matrices determined by the expressions of the displacement, the stress and the pore pressure of the jth layer (Lu and Hanyga, 2005) .
Using the free surface boundary conditions, the continuity condition at the interfaces between different layers, and the radiation condition for the bottom layer L Nþ1 , the up-going and down-going wave vectors at the jth porous layer above the source layer L l have the following form (Lu and Hanyga, 2005 (28) and (29) are given in Lu and Hanyga (2005) .
For the uniform vertical patch load e ixt over a circular region with radius R applied in L l with depth s, the displacement, the pore pressure and the infiltration displacement are continuous across the source plane, while the stress satisfies the following jump condition:
The arbitrary constants for the wave vectors in the source layer L l can be divided into two parts. The two parts of the arbitrary constants can be determined using the above jump condition and the transmission and reflection matrices for the layered poroelastic half-space (Lu and Hanyga, 2005) . The wave vectors in an arbitrary layer can be evaluated using (28) and (29). Once the wave vectors for an arbitrary layer are determined, the frequencywavenumber domain displacement, stress and pore pressure can be evaluated via (27). The fundamental solution in the frequency domain can be obtained numerically by performing the inverse Hankel transform on the frequency-wavenumber domain solution.
3. Frequency domain Fredholm integral equations for pile rows embedded in a layered half-space
As shown in Fig. 1 , pile rows embedded in a layered poroelastic half-space may be used to isolate vibrations induced by a moving load. The number of the total piles is N p ¼ P K k¼1 n k , where K, n k denote the number of the pile rows and the number of the piles in the kth row. In this study, the separation between two neighboring piles in a pile row is denoted by s and the spacing between two neighboring rows is q. Each circular pile has the same diameter d ðd ¼ 2RÞ, length L ðd=L ( 1Þ, Young's modulus E p and density q p .
Since the influence of the hydraulic boundary condition at the interfaces between the half-space and the piles is insignificant with respect to the pile response, the exact hydraulic boundary condition on the pile-soil interface is ignored in this study (Halpern and Christiano, 1986; Maeso et al., 2005) . For simplicity, a two-layered poroelastic half-space is used as an example for the layered half-space in the derivation of the Fredholm integral equations for the pile rows. However, it is straightforward to extend the Fredholm integral equations for the current two-layered case to arbitrary layer cases.
Following Sternberg (1969, 1970) and Pak and Jennings (1987) , the problem is decomposed into two sub-problems: an extended poroelastic half-space and multiple fictitious piles (Fig. 2) . Note that the extended poroelastic half-space here is a half-space with the cylindrical voids filled by the same poroelastic medium as the remaining of the half-space. The response of the poroelastic extended half-space is governed by Biot's theory, while the fictitious piles are described by 1-D bar vibration theory. It is emphasised that the Muki and Sternberg's decomposition approach used here treats the real half-space with cylindrical holes as an extended half-space. Thus, it applies to piles with large length-diameter ratios. Other approximate methods for piles due to Poulos and Davis (1980) and D'Appolonia and Romualdi (1963) also involve this kind of approximation.
The upper layer and underlying half-space of the two-layered poroelastic medium are designated by superscripts 1 and 2, respectively. The Lamé constants and the density of the upper layer for the half-space are k ð1Þ ; l ð1Þ ; q ð1Þ , and its thickness is h; the Lamé constants and the density of the lower half-space are k E pÃi and q pÃi are the Young's modulus and density for the ith fictitious pile. As shown in Fig. 2 , it is assumed that the axial force of the ith fictitious pile is N Ãi ðz; xÞ. The ith fictitious pile is subjected to vertical distributed load q zi ðz; xÞ along the pile shaft. The top and bottom of the ith fictitious pile are subjected to N Ãi ð0; xÞ; N Ãi ðL i ; xÞ (see Fig. 2 ), respectively. The extended layered poroelastic half-space are subjected to the following loads: q zi ðz; xÞ, which is distributed over the domain occupied by the ith pile; N Ãi ð0; xÞ and N Ãi ðL i ; xÞ, which are applied at the circular areas P 0i and P Li , respectively.
For the ith fictitious pile, the displacement u 
where A i denotes the cross-section area of the ith pile. The vertical strain of the extended layered half-space along the axis of the ith pile is composed of two parts: the first part is due to the free wave field, while the second part is due to the loads exerted by the fictitious piles. Thus, the vertical strain of the extended half-space along the axis of the ith pile can be represented by 
where the superscript and subscript i, j denote the ith and the jth pile, respectively, e ðf Þ zi ðz; xÞ is the free wave field vertical strain at the axis of the ith pile, which is given by the frequency domain solution of the moving load in Section 2, and e ðGÞ z ðr ij ; f; z; xÞ represents the vertical strain at the center of P zi due to a unit patch load applied at P fj (Fig. 2) and r ij is the horizontal distance between the axis of the ith and jth pile. It is noted that when i ¼ j, r ij will vanish. Using (32) and (33), the vertical strain of the extended layered poroelastic half-space along the axis of the ith fictitious pile can be written as 
where e ðGÞ z ðr ii ; z À ; z; xÞ; e ðGÞ z ðr ii ; z þ ; z; xÞ denote the vertical strain of the poroelastic half-space at the center of P zi when the patch load P fi is located at z À ; z þ , respectively. It is worth noting that for the two-layered poroelastic half-space, as the axial force of a fictitious pile is discontinuous at the interface between the two layers, thus, the first integral in Eq. (34) should be divided into two parts.
Following Sternberg (1969, 1970) , coupling between the pile rows and the layered poroelastic half-space is achieved by requiring the axial strain of the fictitious piles and the vertical strain of the extended layered poroelastic half-space along the piles' axle be equal: e ðpÞ zÃi ðz; xÞ ¼ e ðsÞ zi ðz; xÞ;
where e ðpÞ zÃi ðz; xÞ represents the axial strain of the ith fictitious pile.
As noted previously, this approximate condition between the piles and the half-space is applicable to piles with large length-diameter ratios.
Using (32), (34) and (35) 
Definition of the amplitude reduction ratio
A measure of the vibration isolation efficiency of pile rows is the amplitude reduction ratio, A r , defined as the ratio between the amplitude of the half-space vertical surface displacement with and without piles present Woods (1968) proposed an average amplitude reduction ratio A rv for the evaluation of vibration isolation effects. The average amplitude reduction ratio A rv is defined as follows:
where A is the area of a rectangle with its width and length determined by a reference Rayleigh wavelength and the width of the pile rows. In this study, the width of all pile rows is assumed to equal to the width of the first pile row.
Numerical schemes for pile rows and the half-space system
The integral equations in the frequency domain accounting for the vertical interaction between the pile rows and the half-space can be solved numerically. The methodology for solving Eq. (36) was detailed by Apirathvorakij and Karasudhi (1980) . After discretization of (36) and (39), the following linear algebraic equations in the frequency domain are obtained:
where AðxÞ is the coefficient matrix determined by discrete integral equations which is associated with the fundamental solution, bðxÞ is the right-handed term which is determined by the free wave field solution, and XðxÞ is the matrix of discrete unknowns. In order to retrieve the time domain solution, a set of frequency domain solutions are calculated at discrete sample points. Assuming that the number of the frequency domain sample points is 2N þ 1, Eq. (43) has the following form:
where Dx is the frequency increment for the sample points i ¼ 1; 2; . . . ; N; N þ 1 in the frequency domain and is given by
According to the property of the discrete Fourier transform (Oppenheim and Schafer, 1999) , AðxÞ in (43) for the sample points i ¼ N þ 2; . . . ; 2N þ 1 is given by the following relation:
Due to the vibration frequency x 0 of the moving load in (15) and (17), the right-handed term bðxÞ for the sample points i ¼ N þ 2; . . . ; 2N þ 1 should be determined by the following equation:
After numerical solution of integral equations (36) and (39) for the sample points i ¼ 1; 2; . . . ; N þ 1; N þ 2; . . . ; 2N þ 1, all variables in the frequency domain are obtained. The time domain solution can then be recovered via the inverse Fourier transform; the FFT method was used in this study (Oppenheim and Schafer, 1999) .
Numerical results and discussions
In Section 6.1 the present model is verified for the special case of a single pile row embedded in a homogeneous elastic half-space (Kattis et al., 1999a,b) . Further numerical examples are presented and analysed in Section 6.2.
Comparison with an existing solution
As shown in Fig. 1 , a passive isolation vibration system consisting of circular cross-section piles in a single eight-pile row ðK ¼ 1; n 1 ¼ 8Þ embedded in a three-layered poroelastic half-space is considered. The thicknesses of the upper two layers are h The present model is reduced to the special case considered by Kattis et al. (1999a,b) by assuming equal values for the governing variables in each layer and setting parameters M; m; a; b p ; q f for each layer as equal to 0.0001 (Jin and Zhong, 2001 ). The layered poroelastic half-space is thus reduced to a homogeneous quasielastic half-space. Moreover, as the velocity of the distributed moving-load tends to zero, the moving load is reduced to a fixed timeharmonic load.
For an elastic medium the existence of singularities during integration makes numerical evaluation of the fundamental solution a formidable task. Some researchers have circumvented this difficulty using a viscoelastic model in which the viscoelasticity is expressed in terms of complex Lamé constants, l ¼ l 0 ð1 þ ib s Þ and (Kattis et al., 1999a,b) .
The current model gives an average amplitude reduction ratio A r for the quasi-elastic half-space of 0.718, as compared with a result of 0.712 obtained by Kattis et al. (1999a,b) for an elastic halfspace; a difference of only 0.842%.
The vibration isolation efficiency of two pile rows in a two-layered half-space
In this section, the isolation effects of pile rows embedded in a two-layered poroelastic half-space is examined. Two pile rows embedded in the two-layered poroelastic half-space are used as a passive vibration isolation system. The number of the piles for the first and the second row are 9, 8, respectively. The vibration source is a distributed load moving with a constant speed c in the negative y-direction. A load of intensity q z is distributed over a rectangular area 2a Â 2b.
Three cases of the two-layered poroelastic half-space are considered: (A) a homogeneous poroelastic half-space; (B) a stiffer upper layer overlying a softer half-space; and (C) a softer upper layer overlying a stiffer half-space. The shear modulus ratios of the solid skeleton between the upper layer and the lower layer for the three cases are: (A) In the following, the influences of the moving load speed (c), the pile length (L) and the net spacing between neighboring piles on the vibration isolation efficiency of the pile rows (s) are investigated. It is noted that when the influence of one parameter (c, L, s) is examined, all the other parameters remain fixed and take the values given in Table 1 .
The influence of the speed of the moving load (c) on the vibration isolation effect of the pile rows is examined for three different moving-load speeds: c ¼ 0:2v SH ; c ¼ 0:5v SH and c ¼ 0:7v SH , where Figs. 3-5 show that the moving load speed has an obvious influence on the magnitude of the vibration isolation. With increasing moving-load speeds the vibration isolation effect is significantly enhanced in all three cases. It is well known that moving loads with higher speeds will lead to a higher frequency response in the porous half-space, which will reduce the wavelength of the resulting travelling wave. For given pile rows, a wave with wavelength comparable with its diameter is more easily to be isolated. It therefore follows that given pile rows will achieve a better isolation effect for a higher speed moving-load. One can see from the amplitude reduction ratio of the two-layered poroelastic halfspace becomes asymmetrical with respect to the x-axis. Moreover, in Fig. 5(a) and (c), the vibration isolation effect for the domain y < 0 is better than that for y > 0, which is clearly due to the Doppler effect. However, this phenomenon does not occur in case B (Fig. 5(b) ). The numerical results for the average amplitude reduction ratio A rv show that the effect of vibration isolation for case C is better than those for the other two cases, which is again due to the fact that for case C, the moving load will generate waves having shorter wavelengths. In order to examine the influence of the pile length on the vibration isolation efficiency, the pile length takes the following values: It follows from above results that in all three cases the vibration isolation effect is improved with increasing pile length. Moreover, we see again that the effect of vibration isolation for the case C is better than those for the other two cases.
The net spacing between neighboring piles (s) in a pile row is an important parameter for the design of passive vibration isolation systems using pile rows. To investigate the influence of the net spacing between neighboring piles, the following values of the net spacing are considered, i. The above results for the average amplitude reduction ratio suggest that for all the three cases (A, B and C), the amplitude reduction ratio A r has a considerable increment when the net spacing s increases, which shows that the increasing net spacing s will diminish the vibration isolation effect of the pile rows. Thus, it can be concluded that smaller net pile spacing usually generates a better vibration isolation effect.
Conclusions
Numerical simulation of vibration isolation using pile rows to screen against the vibrations induced by a moving load applied on the surface of a layered poroelastic half-space has been carried out in this study. The semi-analytical nature of the proposed method avoids the discretization of the whole calculation domain, and thus substantially reduces CPU time. To verify the proposed method, a special case of the present model was compared with an existing result. To investigate the vibration isolation effects of pile rows, the influence of the moving load speed, the pile length and net separation between neighboring piles in a pile row were investigated. Based on the numerical simulations conducted in this study, the following conclusions are drawn:
Given pile rows will produce a better vibration isolation effect for higher speed loads than for lower speed loads. A layered half-space with a softer upper layer can generate a better vibration isolation effect than a layered half-space with a stiffer upper layer. As a result, it is more difficult to isolate the waves propagating in a layered half-space with a stiffer upper layer. Better vibration isolation efficiencies can be achieved from long piles with small net spacing between neighboring piles.
